Control over vibrational frequency modes is important in optimising the performance and behaviour of conjugated organic materials employed as charge transfer mediators and optical components in optoelectronic devices. Raman spectroscopy represents a powerful technique that can be employed to determine the structural implications of molecular substitution on photophysical properties in such conjugated organic systems. Herein, we report for the first time, the optimised geometries for a series of eight systematically varied N-substituted diketopyrrolopyrroles as well as their experimental and computed Raman spectra, with special emphasis placed upon their spectral band assignment. Clear out-of-plane structural re-arrangements, including pyramidalisation of the lactam nitrogens arising from intramolecular H-bonding interactions were observed upon N-substitution in the reported systems, leading to significant vibrational frequency shifts for ν(N-C) and ν(C=O) modes. In addition, mode scaling factors were determined and found to be comparable with those reported previously, employed using the same density functional. The following study addresses the implications of 2 structural variation on the progression of those intense Raman modes which play a key role in tuning the photophysical properties of N-substituted diketopyrrolopyrrole systems and as such should be of broad interest to those developing functional materials based upon this molecular motif.
Introduction
Over the previous 30 years, diketopyrrolopyrrole (DPP) derivatives have been widely used in the pigment industry as high performance colorants owing to their excellent properties such as brightness, low solubility and light and weather fastness. [1] [2] [3] [4] [5] More recently there has been an increasingly large surge of interest in DPP-based materials employed as charge transfer mediators in optoelectronic devices, either in the form of small molecules or polymers. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Currently, we are engaged in the indepth investigation and rational design of DPP-based small molecules with special interest in their structure-property relationships, aimed to develop crystalline thin film devices for detection purposes and charge transport. [19] Control over the photophysical properties via systematic substitutions performed on a common moiety plays a crucial role in achieving optimum performance in various types of optoelectronic devices. [20, 21] Along these lines, in centrosymmetric systems such as those investigated herein, the most intense Raman active modes are known to exert control over the vibronic progression in absorption and emission spectra, where the quantum spacing ℎ determines the spacing between the maxima of the different Gaussian peaks forming the progression, as well as determining the intramolecular reorganisational energies, allowing a mode-by-mode analysis where the total reorganisation energy is computed as the sum of the products of the frequency of the different vibrational modes weighted by the associated electron vibrational coupling or Huang-Rhys factors. [22, 23] These denote the one dimensional displacement of the potential energy surfaces of the initial and final states involved in the transition with respect to the reaction coordinate. [22, 24, 25] As a consequence, rationalisation of the substitution effects on shifting the frequency of the most intense Raman active modes represents a very powerful tool in engineering future materials to match with desirable molecular properties. In light of the nature of the intermolecular interactions exhibited by conjugated organic materials, many of these systems can crystallise in a variety of polymorphic forms with associated optoelectronic properties than can differ dramatically. [20, 26] In this regard, Raman spectroscopy also serves as a useful technique to investigate the presence of polymorphism. [27] Despite the increasing interest in DPP-based conjugated systems, there is a clear lack of Raman studies on DPP-based materials. [28, 29] Reported studies thus far, tend to focus on non N-substituted chromophores which are inherently less soluble owing to intermolecular H-bonding interactions between monomers. Substitution on the lactam nitrogens lead to an enhancement of the molecular solubility by disrupting these intermolecular interactions, making N-substituted DPP based systems more suitable candidates for optoelectronic purposes than their insoluble pigmentary analogues. In the following, we report for the first time, optimised geometries that are computed for a series of systematically varied N-butyloxycarbonyl (BOC) and N-benzyl diketopyrrolopyrrole derivatives as well as their experimental and computed Raman spectra with special emphasis placed upon band assignment of experimental frequencies by means of the computed harmonic modes. The different systems investigated are illustrated in Figure 1 . These were given names with a form of XYDPP arising from their topology where X and Y represent the substitution on the R 1 and R 2 positions respectively.
FIGURE 1 HERE
The paper is laid out as follows: firstly, the experimental and computational methods employed are briefly described. We then describe the conformational searches performed on these systems, followed by a structural analysis of the most stable conformers obtained for HBOCDPP and HBDPP as representatives of the two investigated series. The C i optimised geometries of N-benzyl systems are compared to the optimised geometries from their respective crystal structures, including an analysis of the different relative orientation of the benzyl groups with respect to the DPP core. The remainder of the paper focuses on the C i and C i xray (optimised employing single crystal structures as starting points) optimised geometries of N-BOC and N-benzyl systems respectively. An in-depth analysis of these structural analogues and associated differences on progression from non-substituted DPP to phenyl and N-substituted systems is performed, highlighting the observed pyramidalisation of the lactam nitrogen atoms upon substitution. This is then followed by an examination of the computed and experimental Raman spectra focusing on spectral shifts observed upon substitution, with special emphasis placed upon the band assignments. The effects of intramolecular H-bonding interactions as well as polymorphism in ClBDPP are also investigated. We dedicate the final part of this section to a comparison of the experimental and computed harmonic vibrational frequencies for the most intense
Raman active modes and discuss the averaged uniform scaling factor.
Experimental
Raman analyses were performed utilising a Thermo-Scientific DXR Raman microscope operated with the associated OMNIS array automations and OMNIC Atlus software supplied by the manufacturer.
All measurements were performed by means of the 780 nm excitation wavelength in order to minimise fluorescence emission. All of the measurements were performed employing a 1mW power laser at sample. The powder samples were presented employing a microscope slide. Each measurement was taken as an average of 40 scans. In addition, each powder sample was interrogated 4 times, focusing on different sample areas to further discard possible anisotropic phenomenon occuring in these materials.
Powder X-ray diffraction (PXRD) data was collected using a Siemens D500 X-ray diffractometer at room temperature over the range 5-50° 2θ (Cu K-alpha 1.5406 Å, step size 0.020°, 1s per step). The instrument was operated by means of the software DIFFRAC plus XRD commander, supplied by the manufacturer.
5

1 Synthesis
All of the N-benzyl DPP derivatives studied herein were prepared and characterised according to our previously reported methods. [26] The N-BOC derivatives HBOCDPP, ClBOCDPP and BrBOCDPP were prepared according to those methods reported previously and were spectroscopically identical in each case. [30] [31] [32] The solid state structure of HBOCDPP was confirmed to be the reported β-phase by pXRD analysis. [33] 
Computational methods
Geometries of the investigated derivatives were optimised by means of M06-2X density functional [35] 
Results and discussion
Structural analysis
In light of the different conformations that DPP based derivatives can exhibit, [43] systematic conformational searches were performed on N-BOC and N-benzyl substituted DPPs at MMFF level (Merck Molecular Force Field, MMFF94 [44] ). It was observed that in all cases an array of 8 different conformers were yielded; 2 of these being significantly energetically favoured with a Boltzmann's population of ca. 47%. HBOCDPP and HBDPP respectively), to the involvement of different carbonyl groups in these intramolecular interactions in N-BOC systems. Lastly, it was observed that the variation in bond lengths clearly reflects the described structural re-arrangements upon N-substitution (SI 1).
The computed energy differences between the different C 2 optimised geometries and their associated C i (and C i xray for N-benzyl DPPs) conformers were found to be lower than twice the thermal energy, K B T in all cases. Therefore the rest of the paper will focus on the C i optimised geometries for N-BOC DPPs and C i xray for N-benzyl DPPs since we propose that these are more representative geometries for these systems, in line with recent reports on crystalline DPP-based systems. [19, 26] Table 1 summarises all of the bond lengths and dihedral angles computed for the systems investigated herein. 
Raman spectroscopic analysis
The Raman spectrum for the non-phenyl substituted diketopyrrolopyrrole system, DPP, was initially computed for comparison, given its higher symmetry compared to the N-substituted derivatives. In 
where 0 and denote the excitation energy and vibrational frequency in cm -1 , whereas h c and k B represent the Planck's constant, speed of light in vacuum and Boltzmann constant respectively.
FIGURE 7 HERE
As summarised in Table 2 (vide infra), the computed frequencies consistently overestimate those observed experimentally. This is in agreement with previous reports [29, 45, 47, 48] and is associated to electron correlation effects and the use of relatively small basis sets [47] (we report negligible differences between 6-31G(d) and the wider triple zeta basis set, 6-311G(d)). The latter has resulted in the ubiquitous application of scaling factors in aiding the interpretation of experimental bands by computed frequencies. In this regard, Figure 7 illustrates a comparison between the experimental and computed frequencies for all the investigated Raman active modes, denoting a linear relationship (r 2 = 0.99) with a scaling factor of 0.95 for the vibrations in the region of 1000-2000 cm -1 . The scaling factor yielded for these systems was observed to agree well with previously reported values utilising the same density functional. [47, 48] The small fluctuations of the data points with respect to the regression line in Figure 7 are consistent with the application of a uniform scaling factor. In more complex systems like the ones studied herein, where a larger number of intramolecular interactions can occur, the use of non-uniform scaling factors for different vibrational frequencies would result in better linearity. In this regard, we find that on average, lower scaling factors would be required for single C-C compared with double C=C symmetrical stretching vibrations in these systems (0.959 ± 0.006 and 0.944 ± 0.005 for ν(C-C) and ν(C=C) respectively).
Via detailed investigation of the computed Raman spectra of these systems, it was observed that the most intense Raman active modes always fall into three regions for N-BOC and N-benzyl DPPs:
1104-1128 cm The experimental Raman spectrum of HBDPP illustrated in Figure 6B1 , exhibits a larger number of high intensity modes in the regions of C-C/C=C stretches related to the additional phenyl rings upon benzyl substitution. Three high intensity peaks associated to C=C vibrational stretches are identified at 1594, 1577 and 1543 cm -1 respectively. The relative intensity of these three modes closely matches those anticipated by the computed spectra as illustrated in Figure 6B1 . To summarise, we find that N-substitution in DPP-based systems, over and above exerting a solubilising effect and playing a crucial role in determining packing motifs in the solid state, [26] is also associated with significant shifts in the vibrational frequencies for some of the most intense Raman active modes, which we propose can be systematically engineered, leading to optimised photophysical behaviour and performance in optical and optoelectronic devices. Table 2 summarises the experimental and computed Raman frequencies for the different derivatives investigated.
TABLE 2 HERE
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A comparison between experimental and computed spectra for the derivatives in Figure 1 is shown in Figure 6 . With the exception of ClBDPP ( Figure 6B2 and Figure 8 ), we find that the relative intensity pattern observed for the experimental peaks assigned to C=C stretching vibrations for N-benzyl systems closely matches the computed intensities. ClBDPP exhibits two polymorphic forms in the solid state which significantly differ in the twist of the phenyl rings with respect to the DPP core (θ 1 = θ 2 = 44.03 and 20.07° for ClBDPPα and ClBDPPβ respectively). [26] The α form was found to be the sole phase in the powder from which the experimental Raman spectrum was obtained ( Figure 8 ). This structure differs significantly from the optimised geometry employed to obtain the computed Raman spectrum (θ 1 = θ 2 = 28.03°). In turn, the β form exhibits dihedral twists which are more in line with the rest of the crystal structures of these systems. [26] We therefore conclude that the differences illustrated in Figure 8 for ClBDPP are related to the significant structural variation between the crystal structure and the optimised geometries which were not observed to such an extent for any of the other derivatives investigated.
Conclusions
In conclusion, we report the optimised geometries from a series of structurally related N-substituted respectively.
